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Decay-accelerating factor (DAF, CD55) is a glyco-
sylphosphatidylinositol-anchored membrane protein
that restricts complement activation on autologous
cells. It is also a ligand for CD97, an activation-asso-
ciated lymphocyte antigen with seven transmem-
brane domains. It is widely expressed on cells of both
the hematopoietic and nonhematopoietic lineages.
Although deficiency of DAF on human erythrocytes is
associated with the hemolytic anemia syndrome par-
oxysmal nocturnal hemoglobinuria, the in vivo biol-
ogy of DAF is still poorly understood. We addressed
the in vivo function of DAF in a knockout mouse
model and describe here that deletion of DAF exacer-
bates autoimmune disease development in MRL/lpr
mice, a model for human systemic lupus erythemato-
sus. Compared to DAF-sufficient littermate controls,
DAF-deficient female MRL/lpr mice developed exacer-
bated lymphadenopathy and splenomegaly, higher
serum anti-chromatin autoantibody levels, and aggra-
vated dermatitis. Consistent with the phenotype of
aggravated dermatitis in DAF-deficient mice, North-
ern and Western blots and immunofluorescence stud-
ies showed DAF to be expressed abundantly in the
mouse skin, suggesting that it may play a particularly
important role in this tissue. Histology and immuno-
staining demonstrated inflammatory infiltrate and fo-
cal C3 deposition in early skin lesions, mostly along
the dermal-epidermal junction. These results reveal a
protective function of DAF in the development of a

systemic autoimmune syndrome and suggest that dys-
function or down-regulation of DAF may contribute to
autoimmune disease pathogenesis and manifestation.
(Am J Pathol 2002, 161:1077–1086)

Decay-accelerating factor (DAF, CD55) is a glyco-
sylphosphatidylinositol-anchored membrane protein that
inhibits C3 activation in both the classical and the alter-
native pathways.1 Recently, DAF has also been identified
as a ligand for an activation-associated lymphocyte an-
tigen CD97,2,3 suggesting it may have other noncomple-
ment-related function(s). DAF is widely expressed on
cells both within and outside the vascular space such as
blood cells, endothelial cells, and may kinds of epithelial
and stroma cells.4,5 Although dysfunction of DAF on hu-
man blood cells contributes to erythrocyte sensitivity to
complement lysis and increases the risk of thrombotic
events in human paroxysmal nocturnal hemoglobinuria
patients,6,7 so far relatively little is known about the in vivo
biology of DAF in other tissues and cells or disease
processes. Based on the fact that DAF is one of the
central membrane-bound complement regulators with a
ubiquitous tissue distribution pattern, we hypothesized
that DAF may be protective in settings of pathogenic
antibody-mediated systemic autoimmune diseases in
which complement activation is thought to contribute sig-
nificantly to end organ damage.8,9

Complement plays a paradoxical role in the develop-
ment and manifestation of systemic autoimmune dis-
eases. Although deficiency of early complement compo-
nents such as C1q and C4 predisposes individuals to the
development of systemic lupus erythematosus (SLE),
consumption of serum complement proteins and comple-
ment deposition in tissues are hallmarks of disease ac-
tivity in SLE.9 This apparent paradox reflects, on the one
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hand, the facilitating role of complement (particularly its
early components) in the disposal of apoptotic cell-de-
rived autoantigens and circulating immune complexes
and maintenance of tolerance10–12 and, on the other
hand, the inflammatory and cytolytic injury mediated by
complement once SLE has developed.8,9

The role complement plays in the effector phase of
systemic autoimmunity has been addressed recently in a
murine model of SLE, the MRL/MpJ-Tnfrsf6lpr (MRL/lpr)
mice.13,14 MRL/lpr mice have the faslpr mutation, which
inhibits the expression of Fas, a cell surface apoptosis
receptor in the TNF-R gene family.15 In addition, the MRL
background is autoimmune. MRL/lpr mice spontaneously
develop an autoimmune syndrome characterized by el-
evated levels of Ig, multiple autoantibodies, nephritis,
and vasculitis, in association with massive lymphoprolif-
eration.16 In transgenic MRL/lpr mice, inactivation of the
complement factor B gene (Bf) was shown to be moder-
ately protective,13 whereas deficiency of the complement
component C3 failed to attenuate either the progression
or severity of autoimmune diseases.14 Because Bf is
located within the MHC class III locus, the possibility that
H-2 differences might have also contributed to disease
attenuation observed in MRL/lpr-Bf knockout (KO) mice
has not been excluded.13 Thus, the involvement of com-
plement in the effector phase of the MRL/lpr model of
systemic autoimmune disease is still not clearly defined.

One reason for the apparent lack of a detectable influ-
ence of C3 deficiency on disease development in MRL/
lpr mice may be that the beneficial and detrimental effect
of C3 has canceled each other.14 Factors that can pref-
erentially affect one or the other arm of complement
activity may tip the balance toward a particular direction,
depending on the circumstances. Such factors may in-
clude membrane-bound inhibitors of complement activa-
tion such as DAF. In the current study, we have ad-
dressed this hypothesis by investigating the effect of DAF
deficiency on autoimmune disease development in MRL/
lpr mice. Two homologous DAF genes, arranged in tan-
dem on chromosome 1, have been identified in the
mouse.17 One DAF gene, referred to as the GPI-DAF (or
Daf-1) gene, is predicted to encode a GPI-anchored
protein similar to human DAF.18–20 The second mouse
DAF gene, referred to as the TM-DAF (or Daf-2) gene, is
predicted to encode a transmembrane form of DAF.18–20

However, minor alternatively spliced mRNA species from
the TM-DAF gene, predicted to make GPI-anchored DAF,
have also been detected.21 The tissue expression pat-
terns of the two mouse DAF genes are rather distinct. The
GPI-DAF gene is expressed ubiquitously in all mouse
tissues, whereas the TM-DAF gene is expressed only in
the testis5,18,19,22 and possibly in trace amounts in the
spleen.18,22 In this study, we have crossed a GPI-DAF
gene KO mouse, previously generated in our labora-
tory,23 with the MRL/lpr mouse, and compared autoim-
mune disease development in GPI-DAF gene-sufficient
and gene-deficient littermate controls. Our results reveal
a significant protective role for DAF in this model of
systemic autoimmune disease.

Materials and Methods

MRL/lpr-DAFKO Mice

A KO mouse deficient in the GPI DAF gene (DAFKO) was
generated as previously described.23 DAFKO mice were
crossed with MRL/lprIghb mice (MRL/lpr mice congenic
for the Ig heavy chain b allele, maintained in our animal
colony) for a total of nine generations. The DAFKO locus
was identified by Southern blot analysis of tail DNA.23

Four-time backcrossed or nine-time backcrossed DAF
heterozygous MRL/lprIghb mice were used to derive wild-
type (WT) and DAFKO MRL/lprIghb mice as littermates.
Screening of mice was performed by a combination of
Southern blot analysis of tail DNA23 and fluorescence-
activated cell sorting (FACS) analysis of erythrocyte DAF
expression.5 Mice were monitored for autoimmune dis-
ease until they were 5 months old, at which time they
were sacrificed for pathological evaluation. All mice were
kept in a specific pathogen-free barrier facility.

Determination of Serum Total IgG, IgM, and
Autoantibody Levels

Mice were bled monthly starting at 3 months. Serum
samples were stored at �80°C until analysis. Total serum
IgG, IgM, IgG2a, anti-single-strand DNA (ssDNA), anti-
double-strand DNA (dsDNA), anti-Sm, and anti-chroma-
tin levels were determined by enzyme-linked immunosor-
bent assay, as previously described.24 Some results are
reported in equivalent dilution factors (EDF) of standard-
ized reference MRL/lpr sera, as previously defined by the
formula: equivalent dilution factors � (dilution of standard
reference sera which gives the equivalent optical density
of the test serum) � 106.25

Assessment of Nephritis

Proteinuria was estimated by Uristix reagent strips (Miles
Laboratories, Elkhart, IN) at monthly intervals starting at 3
months of age. At the time of sacrifice (5 months), one
kidney was fixed in 10% buffered formalin and processed
for paraffin embedding and sectioning, followed by he-
matoxylin and eosin (H&E) staining and histological eval-
uation. The other kidney was frozen in OCT medium and
processed for immunofluorescence staining of IgG and
C3 with fluorescein isothiocyanate-conjugated goat anti-
mouse IgG and C3 F(ab�)2 fragments (used at 1:75 for
anti-IgG and 1:500 for anti-C3; Fisher/ICN, Durham, NC).
The presence and severity of nephritis was determined
as previously described.26,27 A blinded observer (MP
Madaio) evaluated and scored independently the sever-
ity of glomerular, interstitial, and vascular lesions by light
microscopy. Similarly, the presence of glomerular, tubu-
lar basement membrane, and vascular deposits of IgG
and C3 were graded by immunofluorescence micros-
copy, as described.27,28 Multiple sections at a minimum
of two different levels were observed. Each section typi-
cally involved evaluation of �25 glomeruli, �10 blood
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vessels, and the interstitium contained within two to three
longitudinal sections of kidney.

Assessment of Dermatitis

Mice were inspected monthly for the development of
dermatitis, and the age at which open skin lesions devel-
oped was recorded. At the time of sacrifice (5 months),
skin samples from the dorsal neck area (lesional and
perilesional when present) were fixed in 10% buffered
formalin and processed for paraffin embedding and sec-
tioning, followed by H&E staining and histological evalu-
ation. Additional skin samples were frozen in OCT and
processed for immunofluorescence staining. Skin sam-
ples from younger mice (2.5 months old) with early
stages of lesion development were also harvested and
processed in a second experiment by following the same
procedures. Skin cryosections were made at 5 �m, fixed
in 95% ethanol or acetone, and processed for direct or
indirect immunostaining, as described.29 Skin sections
were stained for the deposition of mouse C3 and IgG
using fluorescein isothiocyanate-conjugated goat anti-
mouse C3 or IgG antibodies (F(ab�)2 fragment for C3
from Fisher/ICN, used at 1:500 dilution; and whole mole-
cule for IgG from Santa Cruz Biotechnology, Santa Cruz,
CA, used at 10 �g/ml). In addition, skin sections were
also stained for IgM deposition and for the presence of T
lymphocytes using fluorescein isothiocyanate-conju-
gated goat anti-mouse IgM (used at 5 �g/ml; Sigma
Chemical Co., St. Louis, MO) or rat anti-mouse CD4 and
CD8 monoclonal antibodies (both used at 10 �g/ml;
PharMingen, San Diego, CA). T cells were detected by
using the horseradish peroxidase-avidin system with a kit
from Vector Laboratories, Burlingame, CA. Staining of
DAF in the skin was performed by using a polyclonal
rabbit anti-mouse DAF antibody (antibody no. 1, used at
1:2000; see below),30 followed by a fluorescein isothiocya-
nate-conjugated rat anti-rabbit IgG (1:200, PharMingen).

Analysis of Secondary Lymphoid Organs

The spleen and all identifiable lymph nodes were col-
lected at the time of sacrifice, and wet weights and cell
counts were determined. Cell suspensions were pro-
cessed for immunofluorescence staining and flow cytom-
etry analysis using FACScan with CellQuest data acqui-
sition software (Becton Dickinson Immunocytometry
Systems, San Jose, CA), as described.24 Lymphocyte
activation markers were analyzed by using monoclonal
antibodies from PharMingen [CD23 (Fc�R), clone B3B4;
CD44, clone IM7; CD69 (VEA), clone H1.2F3; CD86
(B7.2), clone GL1].

Northern and Western Blot Analyses of DAF
and Crry Expression in the Skin and Kidney

Total RNAs were isolated from MRL/lpr or MRL/lpr-
DAFKO mouse skin, kidney, lung, and testis using the
Trizol reagent (Life Technologies, Springs, NY). Mouse

lung and testis are known to express high levels of DAF
and Crry18–20,31 and were used as positive controls.
Northern blot analysis was performed as previously de-
scribed19,23 using a GPI-DAF cDNA probe (nucleotides 1
to 1465,20 hybridizes with both GPI-DAF and TM-DAF
cDNAs), or a TM-DAF-specific probe (nucleotides 1134
to 133220) or a Crry cDNA probe (nucleotides 608 to
108432). For Western blot analysis, total proteins from
different tissues of MRL/lpr and MRL/lpr-DAFKO mice
were homogenized at 4°C in 10 vol of 50 mmol/L Tris
buffer, pH 7.2, containing 1 mmol/L ethylenediaminetet-
raacetic acid, 1% Nonidet P-40, and a cocktail of pro-
tease inhibitors (Sigma Chemical Co.). Nuclei and cyto-
plasmic debris were then pelleted at 14,000 rpm using a
microcentrifuge for 10 minutes at 4°C. Proteins from the
resultant supernatant were separated on 8% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis gels
(150 �g/lane) under nonreducing conditions. In some
experiments, total protein extracts from vector- or mouse
GPI-DAF cDNA-transfected human embryonic kidney
293 (HEK) cells5 were run as control lanes. Western blot
to detect DAF was performed using two independently
generated polyclonal rabbit anti-mouse DAF antibodies.
Antibody no. 1 was generated using purified murine
erythrocyte DAF30 and was kindly provided by Dr. Noriko
Okada (Nagoya City University, Nagoya City, Japan).
Antibody no. 2 was generated using a recombinant
mouse DAF-Ig fusion protein and was kindly provided by
Dr. Michael Holers (University of Colorado Health Sci-
ences Center, Denver, CO). Western blot to detect Crry
was performed using 1F2, a rat anti-mouse Crry mono-
clonal antibody from PharMingen. Signal detection was
performed using the ECL Western blotting detection sys-
tem from Amersham.

Results

To address the role of DAF in systemic autoimmune
disease development, we crossed a DAF gene KO
mouse previously generated in our laboratory23 with the
MRL/lprIghb mouse.16,24 After four generations of back-
crossing, a preliminary intercross experiment was per-
formed, and DAFWT, heterozygous, and KO MRL/lprIghb

mice were obtained as littermates. For this preliminary
study, the WT and heterozygous mice were grouped
together (n � 11). Comparison of these mice and a group
of DAFKO littermates (n � 7) showed elevated serum IgG
and anti-chromatin autoantibody titers in the KO mice at
3.5 and 5.5 months of age (data not shown). There were
also signs that the group of DAFKO mice had enlarged
spleens and lymph nodes and appeared to be more
susceptible to skin inflammation and spontaneous ulcer-
ative dermatitis development. Backcrossing to the MRL/
lprIghb background was continued until the ninth gener-
ation, and DAF heterozygous mice were similarly
intercrossed. Initial screening of the progeny identified 16
MRL/lprIghb DAFWT (DAFWT, �/�; 10 females and 6
males) and 11 MRL/lpr DAFKO mice (DAFKO, 7 females
and 4 males). These mice were studied in detail for the
development of systemic autoimmune disease until they
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were 5 months old. Data presented below were from the
study of these fully backcrossed mice.

DAFKO MRL/lprIghb Mice Developed
Accelerated and Aggravated Dermatitis

A striking phenotype that emerged from monitoring the
cohort was the propensity of the DAFKO mice to develop
accelerated and aggravated dermatitis. By 5 months of
age, six of the seven female and one of the four male
DAFKO mice had developed ulcerative dorsal skin le-
sions (Figure 1B). One of the female DAFKO mice was
observed to have developed a full-thickness, ulcerated
dorsal skin lesion at 3 months of age (similar to that
shown in Figure 1B). In contrast, at the time of sacrifice,
none of the 16 MRL/lpr DAFWT mice (10 females and 6
males) developed comparable skin problems (Figure
1A). Although spontaneous dermatitis is a well-described
manifestation of MRL/lpr phenotype,16 severe skin le-
sions usually develop sporadically and mostly at a more
advanced age. Thus, the severity and high penetrance of

dermatitis that we observed in the female DAFKO cohort
was quite remarkable.

Histological analysis of the lesions in 5-month-old mice
revealed skin thickening, mostly because of acanthosis
of the epidermis (Figure 1, E and F). A few scattered
inflammatory cells were noted, as well as some dermal
fibrosis. Unlike some forms of human SLE dermatitis or
the previously described MRL/lpr skin disease (sponta-
neous or ultraviolet-induced),29 there was less vacuoliza-
tion and no lichenoid inflammatory infiltrate at the dermal/
epidermal junction (Figure 1, E and F). Immunostaining
detected no IgG, IgM, or C3 deposition in the lesional
areas. Weak C3 staining, some along the dermal/epider-
mal junction as well as at other levels of the epidermis,
were observed in the perilesional skin tissues although,
once again, the pattern of C3 deposition was less prev-
alent and less localized to the dermal-epidermal junction,
distinct from that typically seen in the UV-induced murine
dermatitis or human lupus dermatitis.29 Immunostaining
revealed the presence of some CD4� and CD8� T cells
in the lesional areas of 5-month-old mice (data not

Figure 1. MRL/lpr DAFKO mice (B, 5 months old) developed aggravated dermatitis. None of the MRL/lpr DAFWT mice developed visible skin lesions at 5 months
of age (A). Histology of normal mouse skin, showing clearly defined epidermal (epd), dermal (der), and fat layers and hair follicles (hrf), is presented in C
(5-month-old WT mouse). D and D-1 show the histology of an early skin lesion in a MRL/lpr-DAFKO mouse (2.5 months old). Skin thickening, mostly because
of acanthosis of the epidermis, and inflammatory infiltrate (arrows in D-1) at the dermal/epidermal junction are evident. Focal C3 deposition along the
dermal/epidermal junction was also observed in the early lesions (arrows in D-2). C3 staining was not observed in MRL/lpr DAFWT mouse skin or in the skin
of a C3 KO mouse45 used as a negative control (data not shown). E and F show pictures of an advanced skin lesion in a MRL/lpr DAFKO mouse at 5 months
of age. Severe acanthosis and fibrosis but less inflammatory infiltrates are present. It is of interest that although signs of vacuolization (vac) are present at the
dermal/epidermal junction in some sections (arrow in F), vacuolization did not appear to be a prominent feature in the fully developed lesions. Original
magnifications: �200 (C, D-1, D-2, F); �100 (D, E).
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shown). To gain some insight into the pathogenesis of the
observed dermatitis, histological analysis of skin lesions
at an earlier stage of development (in 2.5-month-old
DAFKO mice) was performed in a separate experiment.
As shown in Figure 1; D, D-1, and D-2, there was abun-
dant inflammatory infiltrate as well as focal C3 deposition
along the dermal-epidermal junction in these early le-
sions. The exact composition and time course of the
inflammatory infiltrate in these early lesions remain to be
completely characterized.

DAF Deficiency Exacerbated Lymphadenopathy
and Splenomegaly in Female MRL/lprIghb Mice

At the time of sacrifice, DAFKO MRL/lprIghb mice had
enlarged lymph nodes and spleens. This was particularly
significant in the female mice. The wet weights of lymph
nodes and spleens of the female DAF-deficient MRL/
lprIghb mice were approximately twice that of the MRL/
lprIghb DAFWT littermates (Figure 2, A and B). The in-
creases in lymph node and spleen weights were because
of a generalized increase in total cell numbers rather than

selective expansion of specific lymphocyte populations.
FACS analysis revealed no significant difference in the
percentage of B cells, CD4�, CD8�, or CD4/CD8-dou-
ble-negative T cells, or in the expression of B- or T-cell
surface activation markers (CD23, CD44, CD69, CD86) in
these lymphoid organs (data not shown).

DAF Deficiency Increased Anti-Chromatin
Autoantibody Production in Female
MRL/lprIghb Mice

Although we detected elevated levels of serum total IgG
and anti-chromatin autoantibodies in preliminarily back-
crossed (fourth generation) DAFKO MRL/lprIghb mice,
the difference in serum total IgG was no longer observed
in the fully backcrossed DAFKO mice. Anti-chromatin
autoantibody titers at 5 months were, however, still sig-
nificantly elevated in the fully backcrossed female MRL/
lprIghb DAFKO mice compared to DAFWT littermates
(P � 0.05, Student’s t-test; Figure 2C). Titers of anti-
chromatin at 3 and 4 months were also higher in the

Figure 2. MRL/lpr DAFKO female mice had significantly enlarged lymph nodes (A, P � 0.05, Student’s t-test) and spleens (B, P � 0.01, Student’s t-test). It is of
interest that one WT mouse also had very large lymph nodes and spleen, suggesting influence of other background genes. The fact that this mouse did not develop
skin disease suggests dissociation between the lymphadenopathy and dermatitis phenotypes. C shows that serum anti-chromatin autoantibody titers in MRL/lpr
DAFKO female mice were significantly increased at 5 months (P � 0.05, Student’s t-test,). Serum IgG2a titers at 4 and 5 months (D), as well as anti-chromatin
titers at 3 and 4 months (C) also appeared to be higher in the DAFKO mice, although they did not reach statistical significance because of the small sample sizes
of this cohort.
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DAFKO females but the increase did not reach statistical
significance. Likewise, IgG2a levels, the dominant IgG
isotype in MRL/lpr mice, appeared to be elevated at 4
and 5 months in female DAFKO mice, although this again
was not statistically significant (Figure 2D). The failure to
achieve a statistical significance in these values may
reflect the relatively small sample size of this cohort of
mice. No differences in the titers of serum IgM, anti-
ssDNA, anti-dsDNA, anti-Sm, or rheumatoid factor (RF)
(anti-IgG1) were observed (data not shown).

DAF Deficiency Did Not Significantly Impact the
Development of Nephritis in MRL/lprIghb Mice

Although the average score of proteinuria (semiquantita-
tive) appeared to be higher in the DAFKO mice, nephritis
was not significantly greater in these mice, as compared
with DAFWT mice (Figure 3A). This conclusion was con-
firmed by subsequent histopathology evaluations. The
cumulative nephritis score was not significantly different
between the two groups of mice (Figure 3B). There was
also no significant difference in glomerular IgG deposi-
tion (Figure 3C). There was a trend toward increased
glomerular C3 deposition (6 of 7 DAFKO and 4 of 10
DAFWT mice had a C3 deposition score of 1 or greater,

Figure 3D), but the difference was not statistically signif-
icant (P � 0.13, two-tailed Fisher’s exact test). Thus, DAF
deficiency did not significantly impact the development
of nephritis in these mice.

DAF and Crry Are Differentially Expressed in the
Mouse Skin and Kidney

In light of the high prevalence of dermatitis observed in
the DAFKO mice, we investigated the relative expression
of DAF and a second major rodent C3 convertase inhib-
itor, complement receptor 1-related gene y (Crry), in the
mouse skin and kidney. DAF was found to be expressed
prominently in the skin of normal MRL/lpr mice as re-
vealed by Northern blot analysis (Figure 4A). Its expres-
sion in the skin was comparable to that in the mouse lung,
a tissue that is known to express a high level of DAF.18,19

On the other hand, DAF is expressed at a very low level
in the MRL/lpr mouse kidney (Figure 4A). As expected,
no DAF mRNA signal was detected in the DAFKO mouse
tissues (skin, kidney, or lung; Figure 4A). When the ex-
pression of Crry, a membrane C3 regulator with DAF and
membrane cofactor protein activities that is uniquely ex-

Figure 3. MRL/lpr DAFKO mice developed comparable nephritis as MRL/lpr DAFWT mice. Scatter plot of proteinuria scores of WT and DAFKO male and female
mice at 3 and 5 months are shown in A. Cumulative nephritis scores (B), glomerular IgG (C), and C3 (D) deposition of the female cohort are shown in B to D.
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pressed in the mouse and rat,31,33 was examined, a
different pattern was observed. Crry was expressed
abundantly in the MRL/lpr mouse kidney and lung but its
expression in the mouse skin was comparatively low
(Figure 4C). The differential expression of DAF and Crry
in the MRL/lpr mouse skin and kidney, ie, DAF is relatively
high in the skin and low in the kidney whereas Crry is low
in the skin and high in the kidney, was confirmed by
Western blot analysis (Figure 4, D to F). Notably, no
expression of the TM-DAF (Daf-2) gene was detected in
the WT or GPI-DAFKO MRL/lpr mouse skin, kidney, or
lung (Figure 2B). Immunofluorescence staining showed
DAF to be expressed primarily in the elastic fibers of the
mouse skin (Figure 4, G and H). This is similar to the
localization pattern of DAF in the human skin.34

Discussion

The results of this study provide evidence for a protective
role for DAF in systemic autoimmune disease develop-
ment. MRL/lprIghb DAFKO mice developed increased
lymphoproliferation, anti-chromatin autoantibody produc-
tion, and dermatitis. These phenotypes were more prom-
inent in females, which is likely a reflection of the known
gender bias in disease manifestation intrinsic to the MRL/
lpr background.16 There are some notable characteris-
tics in the histopathology of dermatitis in older (5 months
old) MRL/lprIghb DAFKO mice that were distinct from that
previously described for MRL/lpr mice.29 There was less
vacuolization and no lichenoid inflammatory infiltrate at
the dermal/epidermal junction in the diseased skins. On

Figure 4. Northern blot (A–C) and Western blot (D–F) analysis showing differential expression of DAF and Crry in the mouse skin and kidney (kid, Ki). In A–C,
RNA samples from WT (w) or DAFKO (k) MRL/lpr mice were separated and the blot was hybridized with either a GPI-DAF cDNA probe (which recognizes both
GPI-DAF and TM-DAF cDNAs) (A), or a TM-DAF-specific cDNA probe (B), or a Crry cDNA probe (C). RNAs from the mouse lung and testis (tes) were used as
positive controls. Two GPI-DAF mRNA species, with variable relative abundance in different tissues, are known to be transcribed.18,19 The position of the 18S
ribosomal RNA was indicated by a horizontal bar in A–C. In D–F, total proteins from the WT (w, WT) or DAFKO (k, KO) MRL/lpr mouse lung (Lu), skin (Sk),
or kidney (kid, Ki), as well as proteins from vector-transfected (�) or mouse DAF cDNA-transfected (�) HEK cells, were separated on 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotted with anti-mouse DAF polyclonal antibody no. 1 (D) or antibody no. 2 (E) or a monoclonal antibody
against mouse Crry (F). DAF protein expressed in HEK cells (lane marked with � in D) migrated as a broad 66-kd band, reflecting its glycoprotein nature.1,46

The signal in the vector-transfected HEK cells (lane marked with � in D) may represent human DAF endogenous to HEK cells. Note the apparent difference
between WT and KO mice in lung and skin, but not kidney DAF signals (D, E). Immunofluorescence analysis of skin (with anti-DAF polyclonal antibody no. 1)
showed DAF to be primarily expressed in the elastic fibers (bright green, arrows in G). No specific staining was detected in the DAFKO mouse skin (H). Orange
color in G and H represents counterstain with propidium iodide.
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the other hand, there was abundant inflammatory infiltrate
at the dermal/epidermal junction in early-stage lesions of
2.5-month-old mice. It is also of interest that disease
exacerbation by DAF deficiency is somewhat selective.
Deletion of DAF affected some aspects (eg, dermatitis
and lymphoproliferation) but not others (eg, nephritis). A
similar effect has been reported in another congenic line,
the �2-microglobulin-deficient MRL/lpr mouse35 and MA
Maldonado, unpublished observation). In these mice, all
disease manifestations are suppressed except for the
dermatitis, which is also aggravated.35

Exacerbation of autoimmune disease in DAFKO MRL/
lpr mice is most likely a result of the deletion of a func-
tional GPI-DAF gene, although the possibility cannot be
entirely excluded that some 129J strain-derived back-
ground gene(s) linked to the DAF gene locus were re-
sponsible. As mentioned earlier, the two DAF genes are
localized on mouse chromosome 118 and several lupus
susceptibility genes have previously been mapped to this
chromosome in the (NZB � NZW)F1 murine model of
lupus.36 This question may be addressed in the future by
the generation of a MRL/lpr mouse congenic for the re-
gion of 129 mouse chromosome 1 that contains the DAF
gene or by DAF transgenic rescue experiments in MRL/
lpr-DAFKO mice. The beneficial role of DAF in MRL/lpr
mice could involve both complement-dependent and -in-
dependent mechanism(s). DAF is best known as a reg-
ulator of C3 activation on the surface of autologous
cells.17 In the mouse, Crry is a second membrane-asso-
ciated C3 inhibitor that overlaps with DAF both in its
activity and tissue distribution31,33 with one previously
known exception in the embryos, where Crry but not DAF
is expressed.5,37 Interestingly, Crry KO mouse embryos
were found to be susceptible to lethal maternal comple-
ment attack.37 DAF and Crry may compensate each oth-
er’s function, and in the absence or reduced expression
of both inhibitors, complement-mediated tissue damage,
particularly in an autoimmune disease setting, may oc-
cur. The accelerated dermatitis may therefore be ex-
plained by limited or differential expression of Crry in the
mouse skin that is not up-regulated by the absence of
DAF. Indeed, Northern and Western blot analysis re-
vealed that DAF is abundantly expressed in the mouse
skin whereas the expression of Crry in the mouse skin is
relatively low compared with other tissues such as the
kidney (Figure 4).

Exacerbation of disease in DAFKO MRL/lpr mice could
be because of an effect of DAF deficiency on either the
induction or effector phase of autoimmune disease de-
velopment. Although IgG, IgM, and C3 deposition was
not detected in fully developed open skin lesions at the
time of sacrifice, increased complement-mediated skin
damage may occur at earlier stages of lesion develop-
ment. Indeed, focal C3 staining was observed at the
dermal/epidermal junction in early stage lesions from
younger (2.5 months old) MRL/lpr-DAFKO mice (Figure
1). The significant enlargement of spleens and lymph
nodes in female DAFKO mice suggests that DAF may
also play a role in the induction phase of autoimmunity.
The lack of influence of DAF deficiency on MRL/lpr ne-
phritis was notable. In a recent study of nephrotoxic

serum nephritis using a low dose of anti-glomerular base-
ment membrane antibody, we have demonstrated a pro-
tective role of DAF in the effector phase of glomerulone-
phritis in C57BL/6 mice.38 The lack of effect of DAF
deficiency on MRL/lpr mouse kidney disease may reflect
low constitutive expression of DAF and adequate com-
pensation by Crry in MRL/lpr mouse kidney (Figure 4).
Alternatively, it may suggest that in this model of chronic
autoimmune nephritis, complement-independent path-
ways are operative.28 It is also possible that deficiency of
DAF has affected additional antibody and T-cell-medi-
ated events in lupus nephritis, which makes it difficult to
discern a phenotypic difference.

DAF could affect the induction phase of autoimmunity
in MRL/lpr mice via two potential mechanisms. Firstly,
absence of DAF on antigen-presenting cells and other
host cells (eg, in the skin) may result in enhanced com-
plement opsonization and promote local inflammation.
Such events could exacerbate the autoimmune response
through complement receptor (CR; eg, CR1 and CR2)
pathways or cytokine-mediated events. The adjuvant ef-
fect of complement fragment tagging to foreign antigens
on the humoral response of host animals is well estab-
lished.39–41 One might argue that a similar effect of C3
tagging to autoantigens in the absence of membrane
regulators of complement may exist and enhance cellular
and humoral immune responses in mice predisposed to
autoimmunity. C3 deposition on antigen-presenting cells
also lowers the activation threshold of antigen-specific T
cells.42 These mechanisms may explain our observed
increases in some autoantibody assays and exacerbated
lymphoproliferation in DAFKO MRL/lpr mice. Secondly,
interaction of DAF with CD97 may provide a complement-
independent mechanism to regulate cellular and humoral
immune reactions. In addition to functioning as a com-
plement inhibitor, DAF is a ligand for the activation-asso-
ciated lymphocyte antigen CD97.2,3 CD97, a seven-span
transmembrane protein with sequence homology to type
II G-protein-coupled cell surface receptors, is potentially
involved in lymphocyte/macrophage activation and cell
signaling.43,44 It is possible that DAF-CD97 interaction
provides a negative regulatory mechanism for the auto-
immune reactions in the MRL/lpr model. An uncoupling of
normal T:B cell interactions because of DAF deficiency
could also explain the increase in antibody levels and
other aspects of increased autoimmunity. Ongoing ex-
periments in our laboratory involving the crossbreeding
of DAFKO MRL/lpr and C3 KO MRL/lpr mice and analysis
of autoimmune diseases in their progeny should help to
differentiate these two possibilities. Regardless of the
molecular mechanisms, our finding of exacerbated auto-
immune disease in DAFKO MRL/lpr mice suggests that
dysfunction of DAF may also increase the risk for sys-
temic autoimmune disease development in humans.

Acknowledgments

We thank Dr. Noriko Okada and Dr. Michael Holers for
anti-mouse DAF antibodies used in this study and Dr.
Andrew Cucchiara for assistance in statistical analysis.

1084 Miwa et al
AJP September 2002, Vol. 161, No. 3



References

1. Lublin DM, Atkinson JP: Decay-accelerating factor: biochemistry,
molecular biology, and function. Annu Rev Immunol 1989, 7:35–58

2. Hamann J, Vogel B, van Schijndel GM, van Lier RA: The seven-span
transmembrane receptor CD97 has a cellular ligand (CD55, DAF). J
Exp Med 1996, 184:1185–1189

3. Qian YM, Haino M, Kelly K, Song WC: Structural characterization of
mouse CD97 and study of its specific interaction with the murine
decay-accelerating factor (DAF, CD55). Immunology 1999, 98:303–
311

4. Medof ME, Walter EI, Rutgers JL, Knowles DM, Nussenzweig V:
Identification of the complement decay-accelerating factor (DAF) on
epithelium and glandular cells and in body fluids. J Exp Med 1987,
165:848–864

5. Miwa T, Sun X, Ohta R, Okada N, Harris CL, Morgan BP, Song WC:
Characterization of glycosylphosphatidylinositol-anchored decay ac-
celerating factor (GPI-DAF) and transmembrane DAF gene expres-
sion in wild-type and GPI-DAF gene knockout mice using polyclonal
and monoclonal antibodies with dual or single specificity. Immunol-
ogy 2001, 104:207–214

6. Nicholson-Weller A, March JP, Rosenfeld SI, Austen KF: Affected
erythrocytes of patients with paroxysmal nocturnal hemoglobinuria
are deficient in the complement regulatory protein, decay accelerat-
ing factor. Proc Natl Acad Sci USA 1983, 80:5066–5070

7. Rosse WF, Parker CJ: Paroxysmal nocturnal haemoglobinuria. Clin
Haematol 1985, 14:105–125

8. Morgan BP: Physiology and pathophysiology of complement:
progress and trends. Crit Rev Clin Lab Sci 1995, 32:265–298

9. Walport MJ: Complement. N Engl J Med 2001, 344:1140–1144
10. Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry

F, Loos M, Pandolfi PP, Walport MJ: Homozygous C1q deficiency
causes glomerulonephritis associated with multiple apoptotic bodies.
Nat Genet 1998, 19:56–59

11. Chen Z, Koralov SB, Kelsoe G: Complement C4 inhibits systemic
autoimmunity through a mechanism independent of complement re-
ceptors CR1 and CR2. J Exp Med 2000, 192:1339–1352

12. Prodeus AP, Goerg S, Shen LM, Pozdnyakova OO, Chu L, Alicot EM,
Goodnow CC, Carroll MC: A critical role for complement in mainte-
nance of self-tolerance. Immunity 1998, 9:721–731

13. Watanabe H, Garnier G, Circolo A, Wetsel RA, Ruiz P, Holers VM,
Boackle SA, Colten HR, Gilkeson GS: Modulation of renal disease in
MRL/lpr mice genetically deficient in the alternative complement
pathway factor B. J Immunol 2000, 164:786–794

14. Sekine H, Reilly CM, Molano ID, Garnier G, Circolo A, Ruiz P, Holers
VM, Boackle SA, Gilkeson GS: Complement component C3 is not
required for full expression of immune complex glomerulonephritis in
MRL/lpr mice. J Immunol 2001, 166:6444–6451

15. Watanabe-Fukunaga R, Brannan CI, Copeland NG, Jenkins NA, Na-
gata S: Lymphoproliferation disorder in mice explained by defects in
Fas antigen that mediates apoptosis. Nature 1992, 356:314–317

16. Cohen PL, Eisenberg RA: Lpr and gld: single gene models of sys-
temic autoimmunity and lymphoproliferative disease. Annu Rev Im-
munol 1991, 9:243–269

17. Miwa T, Song WC: Membrane complement regulatory proteins: in-
sight from animal studies and relevance to human diseases. Int
Immunopharmacol 2001, 1:445–459

18. Spicer AP, Seldin MF, Gendler SJ: Molecular cloning and chromo-
somal localization of the mouse decay-accelerating factor genes.
Duplicated genes encode glycosylphosphatidylinositol-anchored
and transmembrane forms. J Immunol 1995, 155:3079–3091

19. Song WC, Deng C, Raszmann K, Moore R, Newbold R, McLachlan
JA, Negishi M: Mouse decay-accelerating factor: selective and tis-
sue-specific induction by estrogen of the gene encoding the glyco-
sylphosphatidylinositol-anchored form. J Immunol 1996, 157:4166–
4172

20. Fukuoka Y, Yasui A, Okada N, Okada H: Molecular cloning of murine
decay accelerating factor by immunoscreening. Int Immunol 1996,
8:379–385

21. Harris CL, Rushmere NK, Morgan BP: Molecular and functional anal-
ysis of mouse decay accelerating factor (CD55). Biochem J 1999,
341:821–829

22. Lin F, Fukuoka Y, Spicer A, Ohta R, Okada N, Harris CL, Emancipator
SN, Medof ME: Tissue distribution of products of the mouse decay-

accelerating factor (DAF) genes. Exploitation of a Daf1 knock-out
mouse and site-specific monoclonal antibodies. Immunology 2001,
104:215–225

23. Sun X, Funk CD, Deng C, Sahu A, Lambris JD, Song WC: Role of
decay-accelerating factor in regulating complement activation on the
erythrocyte surface as revealed by gene targeting. Proc Natl Acad
Sci USA 1999, 96:628–633

24. Maldonado MA, Kakkanaiah V, MacDonald GC, Chen F, Reap EA,
Balish E, Farkas WR, Jennette JC, Madaio MP, Kotzin BL, Cohen PL,
Eisenberg RA: The role of environmental antigens in the spontaneous
development of autoimmunity in MRL-lpr mice. J Immunol 1999,
162:6322–6330

25. Sobel ES, Cohen PL, Eisenberg RA: Lpr T cells are necessary for
autoantibody production in lpr mice. J Immunol 1993, 150:4160–
4167

26. Chan OT, Madaio MP, Shlomchik MJ: The central and multiple roles
of B cells in lupus pathogenesis. Immunol Rev 1999, 169:107–121

27. Shlomchik MJ, Madaio MP, Ni D, Trounstein M, Huszar D: The role of
B cells in lpr/lpr-induced autoimmunity. J Exp Med 1994, 180:1295–
1306

28. Clynes R, Dumitru C, Ravetch JV: Uncoupling of immune complex
formation and kidney damage in autoimmune glomerulonephritis.
Science 1998, 279:1052–1054

29. Horiguchi Y, Furukawa F, Hamashima Y, Imamura S: Ultrastructural
lupus band test in the skin of MRL mice. Arch Dermatol Res 1986,
278:474–480

30. Kameyoshi Y, Matsushita M, Okada H: Murine membrane inhibitor of
complement which accelerates decay of human C3 convertase. Im-
munology 1989, 68:439–444

31. Li B, Sallee C, Dehoff M, Foley S, Molina H, Holers VM: Mouse
Crry/p65. Characterization of monoclonal antibodies and the tissue
distribution of a functional homologue of human MCP and DAF.
J Immunol 1993, 151:4295–4305

32. Paul MS, Aegerter M, O’Brien SE, Kurtz CB, Weis JH: The murine
complement receptor gene family. Analysis of mCRY gene products
and their homology to human CR1. J Immunol 1989, 142:582–589

33. Holers VM, Kinoshita T, Molina H: The evolution of mouse and human
complement C3-binding proteins: divergence of form but conserva-
tion of function. Immunol Today 1992, 13:231–236

34. Werth VP, Ivanov IE, Nussenzweig V: Decay-accelerating factor in
human skin is associated with elastic fibers. J Invest Dermatol 1988,
91:511–516

35. Chan OT, Paliwal V, McNiff JM, Park SH, Bendelac A, Shlomchik MJ:
Deficiency in beta(2)-microglobulin, but not CD1, accelerates spon-
taneous lupus skin disease while inhibiting nephritis in MRL-Fas(lpr)
nice: an example of disease regulation at the organ level. J Immunol
2001, 167:2985–2990

36. Morel L, Rudofsky UH, Longmate JA, Schiffenbauer J, Wakeland EK:
Polygenic control of susceptibility to murine systemic lupus erythem-
atosus. Immunity 1994, 1:219–229

37. Xu C, Mao D, Holers VM, Palanca B, Cheng AM, Molina H: A critical
role for murine complement regulator crry in fetomaternal tolerance.
Science 2000, 287:498–501

38. Sogabe H, Nangaku M, Ishibashi Y, Wada T, Fujita T, Sun X, Miwa T,
Madaio MP, Song WC: Increased susceptibility of decay-accelerating
factor deficient mice to anti-glomerular basement membrane glomer-
ulonephritis. J Immunol 2001, 167:2791–2797

39. Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon DT: C3d
of complement as a molecular adjuvant: bridging innate and ac-
quired immunity. Science 1996, 271:348–350

40. Molina H, Holers VM, Li B, Fung Y, Mariathasan S, Goellner J, Strauss-
Schoenberger J, Karr RW, Chaplin DD: Markedly impaired humoral
immune response in mice deficient in complement receptors 1 and 2.
Proc Natl Acad Sci USA 1996, 93:3357–3361

41. Ahearn JM, Fischer MB, Croix D, Goerg S, Ma M, Xia J, Zhou X,
Howard RG, Rothstein TL, Carroll MC: Disruption of the Cr2 locus
results in a reduction in B-1a cells and in an impaired B cell response
to T-dependent antigen. Immunity 1996, 4:251–262

42. Kerekes K, Prechl J, Bajtay Z, Jozsi M, Erdei A: A further link between
innate and adaptive immunity: c3 deposition on antigen-presenting
cells enhances the proliferation of antigen-specific T cells. Int Immu-
nol 1998, 10:1923–1930

43. Hamann J, Eichler W, Hamann D, Kerstens HM, Poddighe PJ,
Hoovers JM, Hartmann E, Strauss M, van Lier RA: Expression cloning

DAF and Autoimmune Disease 1085
AJP September 2002, Vol. 161, No. 3



and chromosomal mapping of the leukocyte activation antigen CD97,
a new seven-span transmembrane molecule of the secretion receptor
superfamily with an unusual extracellular domain. J Immunol 1995,
155:1942–1950

44. Gray JX, Haino M, Roth MJ, Maguire JE, Jensen PN, Yarme A,
Stetler-Stevenson MA, Siebenlist U, Kelly K: CD97 is a processed,
seven-transmembrane, heterodimeric receptor associated with in-
flammation. J Immunol 1996, 157:5438–5447

45. Circolo A, Garnier G, Fukuda W, Wang X, Hidvegi T, Szalai AJ, Briles
DE, Volanakis JE, Wetsel RA, Colten HR: Genetic disruption of the
murine complement C3 promoter region generates deficient mice
with extrahepatic expression of C3 mRNA. Immunopharmacology
1999, 42:135–149

46. Ohta R, Imai M, Fukuoka Y, Miwa T, Okada N, Okada H: Characterization
of mouse DAF on transfectant cells using monoclonal antibodies which
recognize different epitopes. Microbiol Immunol 1999, 43:1045–1056

1086 Miwa et al
AJP September 2002, Vol. 161, No. 3


